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Possible Damage Scenarios

Generic Bonded Structure

Adherent damage Bond line damage €

h
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™~ -

-€— Damage tolerance approach to
deal with all three scenarios >

*_lﬁ—»‘?

Adherent and bond line damage
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I Have Seen This Before!
Coupled Adherent and Bond Line Damage

FMLs

Crack opening
constraint

Can this be translated to
generic bonded structures?
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Prediction Approach
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What Do We Need?
Required Prediction Approaches

» Bond line delamination growth
e Adherent damage growth
» Damage interaction
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Adherent Crack Growth
Prediction Approach

» Fracture Mechanics description using Paris type relation
- Mode I crack growth
- Empirical relation for R-ratio effects

A

da ey
E — ch (AKeff)

AK,, =(0.55+0.33R+0.12R*)(1-R)K,,

X

log(da/dN)

log(AK,)
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Bond Line Delamination Growth
Prediction Approach

» Fracture Mechanics description using Paris type relation
« Mode II delamination growth
- Reformulated strain energy release rate range

A

db ,
E =C, (AG,)™

log(db/dN)

AG]I i G[] max - G]I min

log(AG,) = (G, =[G )2
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Mode II Growth Assumption

Bond Line Delamination Growth

» Adhesive joints designed to 102
transfer load through shear -
10° |
» Mode II assumption supported by
test data =1F
- FML delamination characterization % sk
- Composite laminates £
L Z 10°F
e Damage growth, not initiation 3
© 107
10°
10-97 ‘ | L
0.2 04 06 08 1
VG __ -VG_. [MPa mm]

Data obtained from Alderliesten et al. (2006)
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Strain Energy Release Rate Range

Bond Line Delamination Growth

* Linear elastic fracture mechanics description
» Principle of Similitude
« Principle of Superposition

GT — GI + GII + GIII

G, =| G, TG,

2
) @ TyGie + ]

G, = _\/ G]I(l) + G11(2) +\/ G11(3) +]
- 2
Gy = _\/ GII](]) +\/ G111(2) + G111(3) +]

2 ::> AGH 7 Gllmax o GII :

min

= (G G )
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Strain Energy Release Rate Range

Bond Line Delamination Growth

o Tllustrate with Mode I DCB specimen
Piano hinge P2 dC
g GI _
2b da

Adhesive
For identical crack and specimen

geometries
2
~. G, =const- P
Initial crack
Teflon i . . .
- {fetionmasry Compare applied loading to obtain
%0 the same AG for 2 different R-ratios

] _ .
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Strain Energy Release Rate Range

Bond Line Delamination Growth

- —————— R — u 2
AG = constant G :COnSt‘P
dC/db = constant|  ————-— R=03,AG=G__ -G __ I

R=03,AG=(\G__-VG_)

PIP,.,

time
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Strain Energy Release Rate Range

Bond Line Delamination Growth

» Advantages of new formulation
- Removal of residual stress influence on SERR range
 Permits use of superposition in analysis

- R-ratio effects can be studied Data obtained from Lin and Kao (1996)
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Damage Interaction
Prediction Approach

» Discretize damage area

» Enforce displacement compatibility between adherents
» Determine load redistribution resulting from damages
e Superposition of load redistribution on damage growth
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Displacement Compatibility

Damage Interaction

Fibre layers SmmlT Tsﬁbre S
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Metal layers ,
Section A-A
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Displacement Compatibility

Damage Interaction

» Cracked adherent Smetal
V=Vp —Vp F

» Undamaged adherent 1 s_ﬁ; 1
§=5, +5, +6, v} b+ SJ; b

7 T Sad | S'Fll:zri.e

T@

Over delamination length, b
v=0—>F
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Influence on Damage Growth

Damage Interaction

e Superposition of bridging load \ .
K=K P K P,
G=/f(R,h,E,)

log(da/dN)
log(db/dN)

|
|

_ log(AK ) log(AG,)
» Implementation *eBRa) .

- Analytical solutions T3
«FEM il T b
I::J Tb H N 2% P

Discretization into 1-D damage interaction zones
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Case Studies

3
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Bonded Patch Repair

Case Studies

* Predict edge delamination growth behaviour
- Adherents undamaged

- Delamination growth model only
e Initiation assumed at 1st load cycle 1200

» Approximate as a 1-D problem

Y

-~
v

A

1000

damage cut-out

A

1-dimensional
approximation

3
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Bonded Patch Repair

Case Studies

e Good agreement in damage 100 -

growth rates ; s,.=106MPa 7
---- §5,=120MPa  , A

» Shift in data due to damage so|- /
initiation behaviour ! ’ experimental
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FML Panel with a Bonded Strap

Case Studies
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» Cracked Glare panel with an intact
bonded titanium strap
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e Damages
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Delamination between metallic and
fibre FML layers

Delamination between strap and
FML
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e Superposition of multiple bridging
effects

K = farfield B FML br ,stiffner

GFML ’ GS

tiffener
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FML Panel with a Bonded Strap

Case Studies Data obtained from Rodi (2007)

e Prediction ° delamination shape

Intact central strap
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FML Panel with a Bonded Strap

Case Studies

* Prediction
orose| Broken central strap

K = farfield o Kbr,FML + Kbr,stiﬁ‘ner

Data obtained from Rodi (2007)
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Metallic Skin with Bonded Stitteners

Case Studies

e Predict crack growth in stiffened
panel

« Aluminum skin

« 7 bonded aluminum stringers
- 7 bonded aluminum straps
« Central stringer initially broken

» Stiffener failure assumption

» Superimpose bridging effects of all
stringers

K = K farfield + Z K Stiffeners

Gstﬁnerl 57Ty GstﬁnerN

3
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Metallic Skin with Bonded Stitteners

Case Studies
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Summary

» Damage tolerance analysis philosophy
- Simultaneous analysis of adherent and bond line damage
- Linear elastic fracture mechanics description of damage growth
- Damage interaction through displacement compatibility and
superposition
* Philosophy demonstrated to work for bonded metallic and hybrid
structures
- Cracked metal adherents
- Bond line delamination growth
« Crack opening displacement
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Summary

» Potential for composite structures
- Stiffness reduction in damaged composite

- Determination of load redistribution through displacement
compatibility (superposition of effects)

« Requires further work and understanding of composite damage
growth

» Potential power of superposition and linear elastic fracture
mechanics for delamination growth prediction

« Proper formulation of SERR range
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Questions?

%
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